To compare manual measurements of diameter, volume, and mass of pulmonary ground-glass nodules (GGNs) to establish which method is best for identifying malignant GGNs by determining change across time.
In this ethics committee-approved retrospective study, baseline and follow-up CT examinations of 52 GGNs detected in a lung cancer screening trial were included, resulting in 127 GGN data sets for evaluation. Two observers measured GGN diameter with electronic calipers, manually outlined GGNs to obtain volume and mass, and scored whether a solid component was present. Observer 1 repeated all measurements after 2 months. Coeffi cients of variation and limits of agreement were calculated by using Bland-Altman methods. In a subgroup of GGNs containing all resected malignant lesions, the ratio between intraobserver variability and growth (growth-to-variability ratio) was calculated for each measurement technique. In this subgroup, the mean time for growth to exceed the upper limit of agreement of each measurement technique was determined.
Results:
The k values for intra-and interobserver agreement for identifying a solid component were 0.55 and 0.38, respectively. Intra-and interobserver coeffi cients of variation were smallest for GGN mass ( P , .001). Thirteen malignant GGNs were resected. Mean growth-to-variability ratios were 11, 28, and 35 for diameter, volume, and mass, respectively ( P = .03); mean times required for growth to exceed the upper limit of agreement were 715, 673, and 425 days, respectively ( P = .02).
Conclusion:
Mass measurements can enable detection of growth of GGNs earlier and are subject to less variability than are volume or diameter measurements.
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Materials and Methods

Study Participants
All participants were recruited from the randomized Dutch-Belgian lung cancer screening trial (NELSON) ( 16 ) . The trial was approved by the Dutch Ministry of Health and the institutional review boards of the participating centers. Written informed consent was obtained from all participants. All participants were current or former heavy smokers ( 17 ) .
For the current analysis, all CT examinations performed between April 2004 and April 2009 at one of the study sites (University Medical Center, Utrecht , the Netherlands) were included. All CT scans were read for pulmonary nodules. Depicted nodules were characterized as solid nodules or GGNs as part of the screening trial. All detected GGNs were used in our current evaluation. Patients with a growing GGN were referred to a pulmonologist who decided whether resection was necessary ( 16 ) .
Detected GGNs
A total of 2994 volunteers underwent CT scanning. Fifty-two GGNs were detected in 45 participants (42 men, three women; mean age, 62 years; range, 53 -73 years).
of a solid component can be demonstrated) ( 9, 11 ) . However, when a GGN increases in size or if a solid component develops, it should be resected ( 2, (8) (9) (10) 12 ) . Because GGNs usually grow slowly, a method that can demonstrate subtle changes in size and density is required ( 8, 11 ) . Changes in GGNs are usually evaluated by using diameter measurements and visual assessment of the appearance of a solid component ( 9, 11, 13 ) . Nodule volumetry is superior to diameter measurements in solid nodules in terms of accuracy and reproducibility ( 14 ) , but volumetric measurement techniques are not yet used regularly for GGNs. Mass is a parameter that integrates volume and density: Mass increases if the volume of a nodule increases or if its density increases. Mass should, therefore, be especially suitable for identifying GGNs with a high risk for malignancy. In this study, we introduce the estimation of GGN mass as a method for measuring change in GGNs on CT images. Mass can be calculated from CT data because x-ray attenuation values are proportional to tissue density (ie, mass per unit volume) ( 15 ) . Nodule mass can be calculated by multiplying nodule volume and density. Whereas nodule volume weights each voxel in the volume of interest identically, nodule mass weights voxels that include more air or even pure pulmonary tissue less, which should make nodule mass less sensitive than nodule volume to variability in nodule segmentation. We compared manual measurements of diameter, volume, and mass of pulmonary GGNs to establish which method G round-glass nodules (GGNs) are regularly encountered during computed tomographic (CT) screening for lung cancer. In the Early Lung Cancer Action Project trial, for example, most detected malignancies were GGNs ( 1 ). These GGNs pose a challenging task for the clinician because they grow slowly ( 2 ) but, at the same time, have a malignancy rate as high as 63% ( 1 ) .
A GGN is a circumscribed area of increased pulmonary attenuation with preservation of the bronchial and vascular margins. A GGN can be partly solid (part of the ground-glass opacity completely obscures the parenchyma) or nonsolid (no completely obscured areas) ( 2 ) . Whereas a large range of benign diseases (eg, infl ammatory disease or fi brosis) can manifest as GGN, most GGNs that persist longer are atypical adenomatous hyperplasia, bronchoalveolar carcinoma ( 3 ), or minimally invasive adenocarcinoma ( 4-7 ).
Differentiation of benign and malignant GGNs is done largely on the basis of change in size or the development of a solid component in a previously nonsolid GGN (8) (9) (10) . Close follow-up is considered justifi ed when a GGN is stable (ie, no growth or development
Implications for Patient Care
Mass measurements allow for n earlier growth detection in GGNs than do volume or diameter measurements, which may have implications for early detection of malignancy in such nodules.
The modest interobserver agreen ment for the development of a solid component within a GGN suggests that this criterion is less robust than currently thought.
Advances in Knowledge
Detection of a solid component n within a ground-glass nodule (GGN) has only modest intraand interobserver agreement (Cohen k values of 0.55 and 0.38, respectively).
Measurement of GGN mass n (volume 3 CT number) has a lower variability than does measurement of GGN volume.
During follow-up of malignant n GGNs, the percentage increase in mass is greater than the percentage increase in volume or diameter.
By using mass measurements, n radiologists can detect growth of a malignant GGN earlier than with volume or diameter measurements. THORACIC IMAGING: Ground-Glass Nodules: CT Growth Indicators de Hoop et al a fi xed lung window setting at a width of 1400 HU and a level of 2 600 HU.
For manual diameter measurements, we determined the maximum diameter of the GGN by using the electronic calipers function of our picture archiving and communication system (Sectra Imtec, Linköping, Sweden ) on the axial image on which the GGN had the greatest dimensions. Manual volumetry was performed by electronically outlining the lesion perimeter on all axial images on which the GGN was visible by using software developed in-house ( Fig 1 ) , followed by calculation of the GGN volume by the computer. It took an observer 5-10 minutes to outline a GGN manually. GGN mass was calculated by expressing attenuation values in terms of physical density. CT attenuation in Hounsfi eld units can be translated directly into physical density in milligrams per milliliter by adding 1000 to the Hounsfi eld unit value ( 15 ) . For soft-tissue nodules, the prerequisites for this approach are that the nodule contains no calcium and that no contrast material was injected. The mass within the nodule volume, as outlined on all sections that contained the nodule, was calculated by multiplying nodule volume by mean nodule density (ie, mean CT number + 1000) ( 15 ) .
of each measurement method (growthto-variability ratio). Third, we compared the three methods with respect to the time that we would have needed to follow a malignant nodule in our study before its growth would be discernable (ie, exceed the upper limit of agreement of intraobserver variability). Intraobserver variability was estimated from the repeated measurements of observer 1. The time to discernable growth was determined in the subgroup of resected malignant GGNs. We used the actual data from the screening study; applied the diameter, volume, and mass measurements; and determined the time between the baseline CT examination and the fi rst CT examination at which growth became discernable. Time required for growth to become discernable was determined for the measurements of both observers and for each GGN.
CT Scanning
Patients underwent imaging with a 16-detector row CT scanner (MX8000 IDT or Brilliance 16; Philips Medical Systems, Cleveland, Ohio) in helical mode with 16 3 0.75-mm collimation and 15-mm table feed per rotation. Scans were obtained with the patient at full inspiration, without previous training. No intravenous contrast material was injected. Exposure settings were 30 mAs at 120 kVp for patients weighing less than 80 kg and 30 mAs at 140 kVp for those weighing more than 80 kg. Axial images of 1.0-mm thickness were reconstructed at a 0.7-mm increment with a 512 3 512 matrix by using a moderately soft kernel (B ; Philips Medical Systems) and the smallest fi eld of view that included both lungs. Density measurements are sensitive to CT number shifts owing to, for example, x-ray tube aging. The CT scanner was, therefore, calibrated every week, and a phantom was scanned as a quality control before each data acquisition session. No clinically important shift in CT number occurred during the study ( 18 ) .
Measurements
All measurements were performed retrospectively. GGNs were measured with Seven patients had two GGNs each. Including follow-up examinations, 127 data sets containing a GGN were available for evaluation. Eighteen lesions were visible on only one CT study, six lesions were visible on two, 17 lesions were visible on three, nine lesions were visible on four, and two lesions were visible on fi ve consecutive CT studies. Median GGN diameter was 13.9 mm (range, 3.9-29.7 mm), as measured with electronic calipers.
Malignant GGNs
One benign and thirteen malignant GGNs were resected in 12 patients (nine men, three women; mean age, 60 years; range, 53 -67 years). Two patients each had two malignant GGNs resected. Histologic fi ndings included adenocarcinoma ( n = 7), bronchoalveolar carcinoma ( n = 6), and atypical adenomatous hyperplasia ( n = 1). Median malignant GGN diameter was 18.2 mm (range, 8.6-29.7 mm), as measured on the last follow-up CT study.
Study Design
To determine which method is best for measuring potentially malignant change in GGNs, we took the following threestep approach: First, the intra-and interobserver variabilities of each method were assessed. All baseline and follow-up CT studies in which at least one GGN had been detected were selected. Two independent observers performed all measurements (observer 1: B.d.H., radiology researcher with 3 years experience in CT lung cancer screening [ . 1000 examinations]; observer 2: S.v.d.V., medical researcher with special training in evaluating lung cancer screening CT scans and 2 years experience [ . 4000 examinations]). Each observer independently categorized each GGN in the data set as nonsolid or partly solid. Observer 1 repeated all measurements after an interval of 2 months to estimate intraobserver variability.
Second, we used a subgroup of all GGNs that had been resected and proved malignant to evaluate the ability of each method to demonstrate growth. For each malignant GGN, we related the total change in diameter, volume, and mass during follow-up to the variability 
Growth-to-Variability Ratio
Mean time between the fi rst and the last CT examination of the 13 malignant lesions was 33 months (range, 12-49 months). During this period, the diameter of the malignant GGNs increased a mean of 53% (range, 9%-194 %). During that same period, volume increased by a mean of 202% (range, 23%-714%).
Mass increased by a mean of 254% (range, 36%-699%), which was signifi cantly greater than the increases in volume and diameter ( P , .01). No signifi cant decrease in mass was detected for any of the GGNs between two consecutive CT examinations. In only two instances, in two different GGNs, one of the observers measured a decrease in volume or diameter between two consecutive scans that exceeded the lower 95% limit of agreement. The mean growth-to-variability ratios of the measurement methods were 11, 28, and 35 for diameter, volume, and mass, respectively ( P = .03). The growth-tovariability ratio was larger for mass than for volume in 12 of 13 cases and smaller in the remaining case.
Time to Detection of Growth
In the subgroup of 13 malignant GGNs, the mean time required for growth to exceed the upper limit of agreement was signifi cantly longer ( P = .02) for the diameter (715 days) and volume (673 days) than for the mass (425 days). None of the cases showed a shorter time to growth detection for volume or diameter than for mass.
Discussion
Detecting potentially malignant changes in GGNs can be challenging. To our knowledge, our analysis is the fi rst in which mass was used as an approach to measuring change in GGNs. A similar approach had superior reproducibility in coronary calcium scoring ( 22 ) . We showed that for the evaluation of potentially malignant GGNs, measurement of GGN mass has lower inter-and intraobserver CVs than do manual volume and available scan in our series. The mean CV was determined by averaging the intraobserver CV of observer 1 across all GGNs. The growth-to-variability ratio was calculated for each malignant GGN and for each measurement method. To obtain the best possible estimate of growth, we used the mean of both observers to calculate change in diameter, volume, or mass. A paired t test was used in the following comparisons: intra-and interobserver CV for each method; increase in diameter, volume, or mass in the subgroup of malignant GGNs; growth-tovariability ratios for each method; and the mean time required for growth to exceed the upper limit of agreement of variability for each method. A P value of less than .05 was considered to indicate a signifi cant difference.
Results
Measurement Variability
For the manually measured diameters, the 95% CI for the limits of agreement was 2 2.5, 2.7 mm for intraobserver variability and 2 2.8, 3.3 mm for interobserver variability. For the volume measurements, the 95% CI was 2 0.14, 0.16 for intraobserver variability and 2 0.25, 0.15 for interobserver variability, after logarithmic transformation. For the mass measurements, the 95% CI was 2 0.11, 0.12 for the intraobserver variability and 2 0.18, 0.12 for interobserver variability ( Fig 2 ) , after logarithmic transformation.
For mass measurements, the mean intraobserver CV was 0.07, and the mean interobserver CV was 0.09. The intra-and interobserver CVs for mass were signifi cantly lower than those for volume (0.09 and 0.14, respectively; P , .001). The mean intra-and interobserver CVs for diameter were 0.05 and 0.06, respectively, but increased to 0.15 and 0.18, respectively, when diameter measurements were converted to volumes. These diameter variabilities were signifi cantly higher than those for volume and mass ( P , .001).
The k values for intra-and interobserver agreement for identifying a
Statistical Evaluation
To determine variability, we calculated the 95% confi dence interval (CI) for the limits of agreement by using BlandAltman analysis ( 19 ) . To assess intraobserver variability, we compared the two measurements of observer 1; for interobserver variability, the fi rst measurement of observer 1 was compared with the measurement of observer 2. Inter-and intraobserver differences showed a normal distribution according to results of a Kolmogorov-Smirnov test. Variabilities of the volume and mass measurements were not independent of the magnitude of the measurement. Therefore, we used logarithmic transformation, as proposed by Bland and Altman, to correct for this lack of independence ( 20 ) .
To compare variability of measurements on different scales, we calculated the mean coeffi cient of variation (CV) across all GGNs. The CV was calculated as the standard deviation divided by the mean. For each GGN, the intraobserver CV was calculated from the two measurements of observer 1, and the interobserver CV was calculated from the measurements of observers 1 and 2 . For comparison of method variability, we used the original data without logarithmic transformation. Diameter is a unidimensional measurement, whereas volume is three-dimensional, and mass includes the volume information in the calculation. To compare the CV of diameter measurements with that of volume and mass measurements, we converted diameters into volumes on the basis of the assumption of a perfectly spherical lesion, and we calculated the CV of the diameter to the third power.
Cohen k statistics ( 21 ) were used to assess reader agreement for identifying a solid component within a GGN.
The growth-to-variability ratio was used as an indicator of how much growth exceeded the measurement variability of the various methods. We defi ned the growth-to-variability ratio as the relative growth of a nodule divided by the mean CV. The relative growth was calculated as the percentage change in the nodule size (ie, diameter, volume, or mass) between the fi rst and the last THORACIC IMAGING: Ground-Glass Nodules: CT Growth Indicators de Hoop et al caused by the lower contrast of GGNs with the surrounding pulmonary parenchyma compared with that of solid nodules, resulting in different decisions among observers with relation to the location of a GGN boundary. Just as in solid nodules ( 24 ) , the three-dimensional volume measurements had lower intraand interobserver variabilities than did the two-dimensional diameter measurements. The lowest variability was achieved
Because of the slow growth typical of GGNs, volume or density change can be subtle, emphasizing the need for a precise measurement method. For solid nodules, Revel et al ( 23 ) already concluded that two-dimensional measurements are unreliable, with a 95% CI for the difference among readers of 2 1.73 and 1.73 mm. For GGNs, we found even greater inter-and intraobserver variabilities. This variability might be diameter measurements. The lower variability resulted in a signifi cantly improved ability to detect growth by using mass as compared with diameter or volume in the subgroup of malignant GGNs. This observation was confi rmed by a signifi cantly shorter time required for change in mass to exceed measurement variability compared with the time required for diameter and volume measurements. THORACIC IMAGING: Ground-Glass Nodules: CT Growth Indicators de Hoop et al with the mass measurements. This fi nding can be explained by the fact that all voxels in the outlined nodule contributed equally to the volume, whereas mass is dominated by the contribution of voxels with a higher attenuation that are usually located more toward the center of a nodule. Peripheral voxels, which are usually of lower attenuation. contribute relatively less to mass than to volume. Consequently, variations in nodule outline affect volume measurements more than mass measurements.
The development or progression of a solid component within a GGN infl uences GGN mass, but it does not directly infl uence GGN diameter or volume. During follow-up of malignant GGNs, the percentage increase in mass was signifi cantly larger than the percentage increase in volume or diameter ( Fig 3 ) . As a result, the growth-to-variability ratio was greater for mass than for volume or diameter, which makes mass measurement superior to the other techniques for detecting growth. The greater growth-to-variability ratio for mass also shortened the time to detection of growth in malignant GGNs. Consequently, measurement of GGN mass may enable the Our study has limitations. First, we evaluated only the variability between two observers and not between two successive CT studies. This variability between successive studies may be greater than the variability between observers and is likely to affect the growth-to-variability ratios as well. However, this standard holds true for all three measurement methods in a similar fashion. Second, one of our observers was not a physician. However, this observer was highly trained and experienced in evaluating lung cancer screening studies, including volumetric measurements and documentation of pulmonary nodules.
In conclusion, mass measurements can enable detection of growth of GGNs earlier and are subject to less variability than are volume or diameter measurements. In addition, the increase in mass was signifi cantly greater than the increases in volume and diameter during follow-up of malignant GGNs. This fi nding may have implications for early detection of malignancy in GGNs. 4 . Nakajima R , Yokose T , Kakinuma R , Nagai K , Nishiwaki Y , Ochiai A . Localized pure ground-glass opacity on high-resolution CT:
detection of GGN growth and, thus, identifi cation of GGNs with a high suspicion for malignancy within a shorter time frame. In addition to increase in GGN size, the development of a solid component in a previously nonsolid lesion is also regularly used to differentiate between benign and malignant GGNs. In our study, the reproducibility of scoring the presence of such a solid component had only moderate intra-and interobserver agreement, leaving this characterization unreliable. Furthermore, presence is a dichotomous measure with no room for further nuance, which is required to assess change in a solid component that is already visible at baseline. More nuance could be introduced by measuring the size of the solid component separately ( 25 ) . However, separate measurement is, in our experience, often diffi cult because a solid component often appears gradually ( Fig 4 ) and multiple solid components are sometimes present. The mass measurement we evaluated does not have these limitations.
The results demonstrated a slight difference in the manually outlined volumes between observers: Observer 2 tended to draw larger nodule outlines than did observer 1. To a lesser extent, this difference also affected the mass measurements. The differences were lower when the measurements were performed by the same observer. As a result, we can conclude that measurements in baseline and follow-up examinations should always be performed by the same observer. All measurements used in our study were obtained manually. Automatic segmentation software could minimize observer differences and also shorten the evaluation time. However, computer algorithms developed for the segmentation of solid nodules have diffi culty with GGNs because of the low contrast of GGNs with the surrounding pulmonary parenchyma and their inhomogeneous appearance. New computer algorithms that are better suited for this task have been developed, and most major CT vendors have included a GGN segmentation option in their pulmonary evaluation software. However, in our experience, the quality THORACIC IMAGING: Ground-Glass Nodules: CT Growth Indicators de Hoop et al
